Methods of calculating and measuring the flow of electromagnetic energy are compared and contrasted. The differences between the low-frequency and high-frequency approaches to energy flow problems are discussed and suggestions are made to ease the difficulties in the way of students and teachers faced with these apparently irreconcilable differences.
(1) INTRODUCTION In teaching the principles of electromagnetism very much time is taken up with the discussion of cases of energy transfer. The aim of such discussion is to relate the primary concepts of charge and field strength to the process or mechanism of energy interchange. The term 'mechanism' is used here in accordance with Maxwell's aim of reducing electromagnetism to the study of the mechanics of electricity or of the aether. 1 This aim has by no means been completely achieved, as is borne out by two recent papers on the subject. 4 ' 5 In focusing attention on this mechanism we seek first for a clear and consistent mental picture or concept. Neither mathematical theory nor experimental technique is primary in this view of the matter, although the value of the mental concepts will be judged by their fruitfulness in calculation and experiment. In the words of J. J. Thomson: 6 Students have a great tendency to regard the whole of Maxwell's theory as a matter of the solution of certain differential equations and to dispense with any attempt to form for themselves a mental picture of the physical processes which accompany the phenomena they are investigating. I think that this state of things is to be regretted, since it retards the progress of the science of Electricity and diminishes the value of the mental training afforded by the study of that science. The same is true, a fortiori, of attempts to shorten the labour of thought by conducting extensive unplanned experiments.
The process of acquiring a consistent set of concepts to deal with problems of electromagnetic energy interchange is difficult. The difficulties are increased by the accident of the historical development of the subject. Whereas some writers picture electric particles in an otherwise empty space, others see the whole of space as a seething mass of electric or magnetic whirlpools. It is no wonder that disaster sometimes overtakes the student who endeavours to reconcile these mental pictures by inserting the particles in the whirlpools. Nevertheless, the existence of such conflicting pictures, which we have inherited from the great electricians of the past, is a constant stimulus to clear thought. The paper is an attempt to clarify some of the apparent contradictions.
(2) SOME SIMPLE EXAMPLES INVOLVING ENERGY TRANSFER In this Section examples will be discussed involving direct currents or low-frequency alternating currents in order to analyse the concepts used in what is generally called heavy-current engineering.
Correspondence on Monographs is invited for consideration with a view to publication.
Mr. Hammond is in the Department of Engineering, University of Cambridge.
(2.1) Battery Circulating Current through a Resistance Wire Perhaps the simplest form of energy interchange is the heating effect of an electric current flowing through a wire which connects the terminals of a battery of constant voltage. If this voltage is V and the current is /, the battery supplies energy to the wire at the rate of VI per unit time. This energy is expended in overcoming the resistance of the wire. Ohm's law states that V is proportional to /, i.e. V = RI, where R is the resistance. This can be written as E = pJ, where E is the electric force, p the resistivity and / the current density. In this form the law can be applied to alternating currents, whereas V loses its usefulness in the description of high-frequency effects.
Ohm's law is so simple in form that it is taken by many as almost self-evident. There is, however, a difficulty connected with it that will serve as a good introduction to the subjects discussed here. This difficulty may be expressed in the question: what is the origin of the electric force E on the current in the wire at a place considerably distant from the terminals of the battery? Clearly E can arise only from electric charges. But those at the battery terminals can act appreciably only on their immediate neighbours, since the force decreases as the square of the distance. Consider, for instance, what happens when a resistance wire is connected to the plates of a battery. Before the connection is made there is a considerable electric charge on the plates, and hence a large electric force in the vicinity of the plates. After the connection has been made and transient currents have disappeared, there is a uniform electric force E= pJ everywhere along the wire. Thus the electric force close to the plates has been reduced, while that at distant points has been increased. How has this come about? This difficulty was understood by Ohm, 8 who felt that only immediately adjacent particles of electricity could act on one another to produce the current flow. Ohm very nearly achieved a solution of this problem by his consideration of the surface charge that would also be present. He went so far as to identify the galvanic electricity of his circuit with Coulomb's static electricity. But he failed to see that this surface charge, combined perhaps with a charge distributed within the volume of the wire, provided the source of the necessary electric force. Instead, he took refuge in the analogy of the flow of heat, in which the problem does not arise.*
The analogy in general use now is that of fluid flow in a pipe. Neither of these analogies is strictly accurate, because each fails to take into account that there are in the wire positive charges as well as negative ones. Consideration shows that a current flow in a conductor implies also a surface and possibly a volume distribution of electric charge. It is this distribution which produces the uniform electric force along the wire, irrespective of the path of the wire. Far from being obvious, it is surely amazing that the current should not be altered however much the wire is twisted and contorted (we are, of course, assuming * There is no intention here of detracting from Ohm's great achievement in clarifying a subject beset with difficulties. It must be remembered that the various quantities used at the time, such as electric strength and intensity, had not been clearly defined. There were also great experimental difficulties, owing to the absence of measuring instruments and the uncertain behaviour of batteries subject to polarization. The immense development of Ohm's thought is well seen if his paper of 1825 9 is compared with the great work of 1827. constant resistivity in this discussion). This problem is very similar to the magnetic one of providing a path for a magnetic flux by means of an iron core, where the magnetic force has to be provided by surface and volume distributions of pole strength. 10 It is well known that the leakage flux resulting from the surface distribution will depend very considerably on the configuration of the iron core. In principle, therefore, there must also be, in the electric case, some difference in the surface distribution of charge, and hence in the current flow, if the path between the battery terminals taken by the wire is altered. For magnetic forces this alteration in the flux is measurable, but in the case of current flow no such change has been observed. This is not surprising, since a coulomb of charge will give an electric force of the order of 10 12 volts/cm at a distance of 1 cm. Thus, only a minute amount of charge is required to cause the current to flow. Nevertheless, a total absence of electric charge would also mean the cessation of current flow. The necessity for this charge distribution is hardly ever mentioned in the textbooks. In general, students have to be satisfied with references to water pipes. Pidduck, 11 however, mentions the existence of these charges. The explicit realization that they must be present will be found very helpful in understanding the subsequent discussion in the paper.
(2.2) Energy Interchange in a Simple Direct-Current Motor or Generator Cullwick 12 has discussed in considerable detail the action of a motor or generator whose moving element is a straight conductor moving transversely to its length across a uniform magnetic field. To avoid the complication of a moving frame of reference, let us consider a simple d.c. machine in which the field poles move past stationary armature conductors. On open-circuit there is a charge separation in the armature conductors which exactly opposes the motional induced electric force Bv, where B is the magnetic flux density and v the velocity of the field system relative to the conductors; only so can the net electric force be reduced to zero. It should be noted that this charge separation will produce a distribution of charge throughout the length of the conductors and not only at the ends. The reason for this is the same as that advanced in Section 2.1. There must be zero electric force everywhere along the conductors, since no current flows on open-circuit. But charges at the ends of the conductors can act only at places close to those ends. They are not capable of producing zero electric force throughout the length of the conductors, and hence there is a need for the additional charge distribution along the conductors. It is helpful to notice explicitly that the electric force induced by the motion is equivalent to that produced by a distribution of electric charge equal and opposite to the open-circuit distribution.
Consider now the action of a motor with constant armature current. (As before we are considering the case of a stationary armature.) When the field system is at rest, a charge distribution will be required to produce everywhere an electric force pJ. This charge distribution will correspond to a terminal potential difference V t = IR. When the motor is running, this charge distribution will no longer be sufficient to cause the current to flow, because the induced electric force will be equivalent to an opposing charge distribution. In order to produce a resultant electric force pJ, an additional charge distribution is required. This is expressed by the well-known motor equation V t = V t + IR, where V, is the terminal voltage, V t the induced electromotive force, and / and R are the armature current and resistance, respectively. The charge distribution has had to be increased by (V t + 1R)I1R.
All this is rather obvious and the terms 'potential difference' and 'induced e.m.f.' are well understood. But it is rather surprising to find that an exploring test charge would not be able to differentiate between the case when the motor is stationary and when it is running. In either event the observed electric force would be pJ. Neither the applied p.d. nor the induced e.m.f. can be observed separately. The equation V, = V t + IR is written in this form chiefly in order to present a clear mental picture and to separate the energy loss from the gross mechanical output. Since only the resultant force can be observed, we propose to call V t and V { the partial fields, whereas IR represents the total or resultant field. It may come as a shock to some engineers to realize the largely conceptual nature of such well-known quantities as V t and V t .
A very similar argument holds for the case of a generator, where we have the equation V { , = V t + IR. In this case the induced electric force must overcome the opposing charge distribution V, and provide a resultant electric force equivalent to IR. Once again, only the resultant force would be observed by an exploring test charge. As long as the exploration is confined to the conductor system, it is not even possible to differentiate between motor and generator action. Capacitance as well as Resistance In investigations into the behaviour of time-varying currents, it was early discovered that the simple Ohm's law relationship V = RI was not sufficient to describe the observed results. The two new concepts of inductance and capacitance had to be introduced. The concept of inductance arose from a consideration of Faraday's laws of electromagnetic induction. It was clear that the applied voltage and the current in a circuit were, in the absence of capacitance, connected by a relationship such as v = Ldifdt + Ri, where L is the inductance. In the terms of our previous discussion, it follows that with alternating currents an additional charge distribution is required to give rise to a p.d. of Ldijdt. Once again, however, the actual electric force within the conductor is E = pJ and this is the force which would be observed by a test charge. Faraday 13 attributed the inductance effect to the action of the magnetic field surrounding the current. In other words, Ldi/dt, like the back-e.m.f., V h of a motor, is an effect that could be isolated only if the conductor were removed. Since the current would then cease to flow, Ldi/dt cannot be thus isolated: it can, however, be taken to represent an electric field in free space. This is very seldom stated explicitly because, as in Ohm's law, the charge distributions accompanying the effect are ignored. A similar discussion applies to the effects of capacitance, which result in an additional charge distribution, giving a p.d. of C J idt. In this case the action is attributed to the electric field surrounding the conductor.
For the motor it was found convenient to distinguish between V t and V ( , in order to divide the input power V,I into mechanical power V ( I and ohmic loss (V, -Vj)I. A similar useful result is achieved by separating v and Ldifdt. vi gives the input power and (v -Ldijdt)i is the ohmic loss; hence (Ldildt)i can be attributed to the magnetic field. Maxwell 2 showed that this term corresponded to an energy of amount given by the volume integral H$ \BHdv, where the integration is to be taken throughout all space. This result, however, applied strictly only to steady magnetic fields. A similar result was obtained for the capacitance term, and the corresponding energy was found 3 to be H\ \DEdv. If an alternator is connected to a circuit, its energy output is partly dissipated in heating the conductors. The rest of the energy can be deemed to be stored in the electric and magnetic fields surrounding the circuit. It was thought that the stored energy was fully recoverable by the alternator and its associated circuit. This, however, was questioned by Fitzgerald 14 in 1882.
HAMMOND: ELECTROMAGNETIC ENERGY TRANSFER
Fitzgerald based his reasoning on theoretical grounds and showed that, on the basis of Maxwell's hypothesis of displacement current, some energy must be lost to the alternator and must be radiated into space. In discussing this effect it becomes essential to abandon the terms of voltage, inductance and capacitance, but the argument is not affected. Instead of the voltage equations we now have the Lorentz force equation
where A is the delayed vector potential, <f> is the delayed scalar potential, and v is the velocity of the charge through the field B. This expression for E shows separately the inductance, motional and capacitance effects, Fitzgerald's hypothesis meant that neither "bAltst nor grad cf> was necessarily in time-quadrature with the current density /. We note that at a conductor -'bA/'bt + u x B -grad <f> = pJ. The effects are isolated for ease of computation and more especially to give a clear picture of the various items in an energy balance sheet.
(2.4) Action of a Transformer Whereas the self-inductance effect at low frequencies was found to give no net energy transfer, 14 it was apparent, from Faraday's discovery of mutual induction, that energy could be transferred from one circuit to another. In addition to the various charge distributions already mentioned, there will now be another. Moreover, the instantaneous magnitude of this distribution on the primary circuit is governed by the secondary current, and hence its phase depends on the secondary current. In terms of the Lorentz force E = -'bA/'dt + u x B -grad <f>, dAJ7)t may now have an in-phase component with the current density, and this would provide a unidirectional or irreversible energy interchange. It is of interest to point out that in a.c. rotating machines the phase of the v x B term is also generally arranged to give some unidirectional flow. This is not invariably so, however, and examples to the contrary are synchronous condensers or machines like the Kapp vibrator.
(2.5) Some Conclusions It has been shown that energy is transferred through the action of charge distributions on the conductor. The source of power experiences back-e.m.f.'s which may or may not be in phase with the voltage generated by the source. It is extremely convenient to separate the effects into magnetic and electric field effects and into mechanical and chemical energy effects. Each one of these effects may be considered to act separately in impeding or aiding the flow of electric current from the source. However, it must be kept in mind that the actual current flow is the result of all the effects acting together, and for a particular current the resultant electric field must always be governed by the resistance of the conductor. Thus it follows that an investigation into the electric field in the conductor cannot give any indication about the energy flow from the conductor, whether it be mechanical or electromagnetic energy. The concepts so far employed show why the flow into the conductor may be impeded, but once the flow has been established these concepts tell us nothing about the method of energy flow from the conductor.
(3) ENERGY TRANSFER BY ELECTROMAGNETIC RADIATION (3.1) Maxwell's View of Electromagnetic Action Maxwell's proposition that light is an electromagnetic disturbance suggested to his contemporaries that new concepts would have to be found and new mathematical methods developed to account for the problems associated with energy flow. Two questions presented themselves. The first concerns the transfer of energy to distant bodies, whose action on the source of the energy can reasonably be assumed negligible. In the language of power appliances, this question concerns the possibility of power flow when the device is on open-circuit. The second and related question concerns the possibility of localizing the energy flow in space and thus using the language of optics and, in particular, of Huygen's principle in electrical problems. Maxwell's preoccupation with the properties of the aether greatly reinforced the view that such localization of energy was to be expected on physical as well as mathematical principles. He failed to convince a number of electricians, such as Lord Kelvin, who had perhaps more of an engineer's turn of mind and clung to the belief that the conducting matter in the circuits was actually both the seat and the vehicle of energy interchange. However, his success was complete with those who concerned themselves with the possibility of electromagnetic radiation. It is of interest to note that this difference of approach is to a great extent responsible for the somewhat irrational distinction between heavy-current and light-current engineering. ( 
3.2) Poynting's Theorem of Energy Flow
A very famous attempt at a solution of the twin problems of energy flow in space was made in 1884 by J. H. Poynting, and has since become known as Poynting's theorem. 17 Poynting considered the rate of change of energy distribution within a closed volume. Taking 
x H).ds
Thus the increase in stored energy, together with the ohmic loss, equals the in-flow of a vector E x H across the surface bounding the volume considered. (Poynting also considered terms due to the motion of the circuits. These have been omitted here for the sake of simplicity.) The Poynting vector E x H could thus be interpreted as the vector indicating the density of energy flow at any part of the surface, or indeed anywhere in space. The possibility of energy flow on open-circuit, which would be akin to the method by which solar energy reaches the earth, was thus shown by Poynting to depend merely on the magnitude of E and H. It could readily be shown that on Maxwell's hypothesis E and H would have components varying inversely as the distance. Thus J J (E x H). ds would be finite at even the largest distances, and Fitzgerald's suggestion 14 could be demonstrated mathematically. Poynting himself applied his theorem to some simple cases of current flow including d.c. problems. In every case the same answer could be obtained by his method as by the older view of pushing an electric current through a wire against opposing forces. In particular, for a straight wire carrying a current, he showed that by his view the energy would pass into the wire through its insulation at right angles to its length. In a second paper 18 he went further and discussed the actual velocities of the tubes of electric and magnetic flux.
(3.3) Criticism of Poynting's Theorem
Soon after Poynting's theorem had been published, it was shown by Sir. J. J. Thomson 7 that the expression for the powerflow vector given by the theorem was not unique. Another arbitrary vector P = curl Q could be added, since jj curl Q . els = 0. Thus the local energy density was not uniquely determined by Poynting 3 to that of a time-varying and bounded one. This point also seems to have escaped the attention of later writers. Stratton 25 discusses the question in detail and justifies Poynting's treatment by postulating that Maxwell's result could be applied to a bounded space if the bounding surface had not yet been reached by the wavefront of the disturbance. This argument had, however, already been shown by Macdonald to be invalid. 23 The question naturally arises if an experiment can be devised to test the validity of Poynting's theorem. Macdonald points out that such an experiment would have to be able to deal with times shorter than the periodicity of the time-varying currents.
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Under ordinary time-varying conditions there is no possibility of differentiating between Macdonald's and Poynting's theorems. Slepian, 19 in a very ingenious derivation of the energy-flow theorem, has given nine alternative forms for the flow vector, showing that the choice is far wider than either Poynting or Macdonald supposed.
It would appear that Poynting's theorem fails to achieve its aim. It does not give the insight, hoped for by its author, into the mechanism of energy flow in space. Nor is its mathematical basis sound. But it does provide a simple method of calculating the open-circuit energy flow. However, the mental picture of energy flow suggested by Poynting is perhaps best avoided in elementary teaching. It is possible that nature does not give an answer to Poynting's question about the localization of energy. Certainly his approach would require research into the behaviour of wavefronts, and such investigations at present lack both experimental technique and mathematical formulation. Consider fields that are varying harmonically; there will then be no net decrease of stored energy over a complete cycle. The statement thus becomes inflow of energy = ohmic loss and there is apparently no allowance for radiation of energy. This problem is best elucidated by taking an actual case. Consider the Hertzian oscillator, which is discussed in detail in the Appendix (Section 8). The charges and current of this oscillator are postulated. The fields of these charges and this current are determined in the usual manner and the Poynting integral then gives the well-known expression for the radiated energy. But in postulating charges and current nothing has been said as to the physical possibility of causing them to be disposed in the postulated manner. We realize, following our earlier discussion, that additional charges and currents have to be present because the total current flow is governed by the ohmic relationship E = pJ. The Poynting vector has, in fact, been calculated by using only the partial fields. The Poynting integral is here
J J (E, x H p ). ds
where E n = E -E' and = H-H' the suffix p denoting partial fields. E and H are the total fields and £" and H' are the additional fields to make the current flow in the oscillator physically possible. Thus Poynting's theorem applied to the partial fields becomes dv Thus, for harmonically varying quantities, the Poynting integral now gives the product of the postulated partial current and the partial electric force opposing its flow, and this is the radiated power. It will be noticed that the Poynting method is exactly analogous to the back-e.m.f. method used in power devices, because the back-e.m.f. is also essentially a partial field, which it is convenient to keep separate for the purposes of computation. It should be noted explicitly that the partial fields are invariably used in calculations of the energy radiated from an aerial. The total fields are in general unknown and very complicated, except on the actual material of the conductors. However, if it is desired, for instance, to calculate the power input into the metal inside an induction furnace, the total fields must be used. In such a case the power input looked for is, of course, equal to the ohmic loss. It is clear that the Poynting integral using total fields must be taken around the sink and not about the source of the energy. A similar integral taken around an aerial or a transformer winding or other source of energy would, in general, give the ohmic loss in the aerial or the winding, and would supply no information about the power radiated or transferred. It should be noted that the statement of Poynting's theorem has assumed that all energy is electromagnetic: chemical, thermal and kinetic energies have been excluded. This implies that the surface of integration is chosen so as to exclude all generators and batteries. Thus the surface must at some point intersect the supply leads (see Fig. 1 ). It has been shown that if we calculate $f(E x H)ds over such a surface we shall arrive at the ohmic loss in the conductors. Such an integral will give no information about radiated power. The integral H(E p x H p )ds will, however, give this power. If, on the other hand, the surface of integration is chosen so as to enclose the alternator (see Fig. 2 ), additional electric forces due to the energy source will have to be taken into consideration. We can now write E + E s = pJ, where E s is the additional electric force.
This additional force may arise from a wide variety of causes. Perhaps the simplest example is that of a battery, in which it is caused by chemical action. If, on the other hand, the electromagnetic energy is derived from a prime mover, such as a turbine, additional terms would have to be introduced into the energy equations to account for the shaft work done on the generator. Such further terms are not essential to the present discussion and have been omitted to simplify the treatment.
Hence
Hence, for harmonic variation,
Poynting integral = (work done on the current) -(ohmic loss)
In such a case the Poynting integral gives the radiated power correctly. On the other hand, the integral using the partial fields fails. This does not matter in computation because the partial fields still give the correct answer if the term containing E s is omitted. In other words, the supply leads have to be lengthened to exclude the generator from the volume of integration. It is clear, in any case, that the concept of back-e.m.f. would have to be abandoned if the generator were inside the volume. This consideration shows the dominance in the Poynting integral of that part of the surface which intersects the supply leads.
(3.5) Use of Alternative Forms of Poynting Vector The simplicity of the expression E p x H p in calculation is such that it seems unlikely that a better form can be found. Hines, 26 however, shows that Macdonald's form gives somewhat simpler expressions in certain cases. Slepian in an early paper 27 favours Poynting's expression, but more recently 20 supports the expression V(J + TiD/'dt) + H x ~bAfit. This expression has the considerable advantage that for direct current it becomes VJ, i.e. power = voltage x current density, and thus fits into the ordinary engineering framework. Moreover, it disposes of the somewhat repugnant notion that a static condenser and a permanent magnet placed near one another engage in a process of unending and unmeasurable exchange of energy.
Attempts at building wattmeters capable of measuring the Poynting energy flow by direct measurement of the electric and magnetic fields are met by the extreme difficulty of measuring the electric force in space. At high frequencies this can be done by a monitor aerial embodying a thermocouple. For low frequencies, e.g. in eddy-current heating, a variant of the Poynting vector has been proposed to the author by Dr. R. W. Sillars, namely QdZJ/df, where Q, is the magnetic scalar potential. Since this form involves measurements of magnetic quantities only, it is far more convenient than the various possible alternatives. The derivation of this vector is given in the Appendix (Section 8.1).
(4) RADIATION RESISTANCE (4.1) Induction and Radiation Effects Poynting's work of 1884 had given a mathematical basis to the Fitzgerald suggestion of open-circuit transmission of energy. Hertz, in 1886, provided the experimental basis for the study of electromagnetic radiation. His use of high-frequency oscillations, to obtain measurable effects, gave scientists the impression that these were different in kind as well as in magnitude from the well-known effects of electromagnetic induction. Indeed, Hughes, who demonstrated Hertz's effect as early as 1879 before the President of the Royal Society, 16 was told that his effect was due to ordinary electromagnetic induction. This curious division of induction and radiation effects persists in present-day teaching, in spite of the fact that both induction and radiation effects are calculated by the identical Maxwell relationships. This is the cause of much puzzlement amongst students.
The difficulty is overcome when it is pointed out that there is no difference in kind between those alternating currents which radiate energy and those used in devices like induction motors. Once it is found that Ampere's equivalence of magnets and currents, expressed by the relationship curl H = J, is valid only for steady currents, it becomes apparent to the student that the magnetic field of alternating currents is not in phase with the currents. Hence the electric force always contains a component in antiphase to the current and there is a unidirectional energy flow away from the circuit. The magnitude and relative importance of this anti-phase electric force depends on the frequency and it becomes dominant at high frequencies. At low frequencies the quadrature effect is more important. This relative importance should not, however, obscure the fact that it is not possible to have pure induction fields or pure radiation fields. Conductors arranged in certain geometrical shapes may produce the superposition and cancellation of some of the field components, and this cancellation may cause the apparatus to radiate relatively more strongly if the frequency is increased beyond a certain value. But these are special cases. The question whether a certain apparatus will radiate not infrequently betrays a lack of understanding of the fact that any alternating current cannot help but send out energy by radiation.
(4.2) Calculation of Radiation Resistance In determining the energy transmitted by radiation it is frequently helpful to use the term 'radiation resistance'. By analogy with the ohmic resistance this is defined as the average power divided by the square of the r.m.s. current.
Most writers obtain this resistance by a method of calculation involving //(£), x H p ). ds. We have shown that an alternative approach would be to use $$$(-E p . J p )dv and thus to apply the concept of back-e.m.f. to the problem of radio aerials. With certain exceptions, notably that of Moullin, 28 this second method is avoided and the repugnance to it is well expressed by Aharoni, 29 who states that there is no such physical quantity as radiation resistance. Many writers feel that the flux of energy described by the Poynting integral gives clear physical insight, whereas the back-e.m.f. concept does not do so. The term 'aperture' is frequently employed in this discussion and is regarded as an opening to allow the Poynting flux to emerge. But our discussion strongly suggests that 'physical reality' can be claimed for neither method. The Poynting integral uses partial fields, as does the back-e.m.f. method. Both methods are essentially tools for the purposes of calculation. There is, however, much to be said for the back-e.m.f. method, because frequently the volume integral is easier to determine than the surface integral, if the currents are confined to paths involving a simple geometry. A comparison of the two methods applied to a Hertzian oscillator and a line current is given in the Appendix (Section 8.2).
(5) CONCLUSION In such a vast subject as that of electrical engineering a teacher can best serve his students by attempting to lay a sound foundation of physical concept as well as of mathematical analysis. The subject of energy transfer is taught by means of apparently irreconcilable concepts, the choice being governed by the largely irrelevant considerations of the frequency employed or the physical size of the apparatus. In power devices the concept is that of back-e.m.f. and in radio devices Poynting's theorem is used. It has been shown that the two methods are identical and related by a simple mathematical transformation. Moreover, neither method is able to give any information about localized distribution of energy in space, and both ignore the charge distributions on the conductors, which make the current flow possible. It is hoped that a knowledge of these matters will be of help to the student and will add to his enjoyment of the subject.
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